ABSTRACT
INTRODUCTION
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In metal-scarce environments, bacteria have to use efficient mechanisms for the uptake of plasmid pET-TEV containing the gene encoding the PaCntM protein were used as mutagenesis 1 3 4 templates for the D150A and A153D substitutions respectively. For the R33H substitution from 1 3 5
SaCntM, mutagenesis was performed from plasmid pET-101 containing the gene encoding the 1 3 6
SaCntM protein as template. Primer pairs were designed for single substitutions and were then synthesized by Eurofins Genomics (Table S1 ). The chemical synthesis of xNA has recently been described [32] . The same strategy was used proteins. They were carried out in a reaction volume of 100 µL in buffer C (50 mM BisTrisPropane, initial rate and the amount of enzyme used. Kinetic parameters were estimated according to the
Michaelis-Menten kinetic without (1) or with the substrate inhibition model (2) using SigmaPlot. (1):
(2):
Fluorescence resonance energy transfer (FRET) studies
Fluorescence studies were performed using a Cary Eclipse spectrophotometer (Agilent). The
FRET experiment was done using a protein concentration of 5 μ M and an excitation wavelength at 1 6 1 280 nm (tryptophan excitation). The emission at 340nm was transferred to the NAD(P)H and the
signal was recorded between 400 and 500 nm. Five spectra were averaged in order to increase signal 1 6 3 to noise ratio. Activity assay followed by TLC
The assay consisted in incubating the purified enzymes at a final concentration of 2.5 μ M and of Hepes, 1 mM of DTT, 1mM of EDTA, pH = 9). The mixtures were incubated for 30 min at 28 °C. The reactions were stopped by adding ethanol to a final concentration of 50 % (v/v) and the products were developed with a phenol:n-butanol:formate:water (12:3:2:3 v/v) solvent system. These separation and of staphylopine and pseudopaline [5, 6] . HPTLC plates were dried and exposed to a [ 14 C]-sensitive imaging plate for one day. Imaging plates were then scanned on a Typhoon FLA 7000
phosphorimager (GE Healthcare). Paenibacillus mucilaginosus, sub sp. 1480D (from Collection DSMZ) was grown by
inoculating stock bacteria into 20 mL sterile medium (TSB 1/10) at 30°C for 48h. Genomic DNA was 1 8 1 extracted using the protocols and pretreatments for Gram-positive bacteria from DNeasy Blood and
Tissue kit (Qiagen). The structure of CntM have been solved in a binary/tertiary complex with NADPH or NADPH 1 8 7
and xNA, revealing the residues that are involved in the complex formation and building the active phosphate group of NADPH is sandwiched by the side chains of two positively charged residues (R33
and K39) that are rather conserved in the CntM family. However, a sequence alignment of CntM from
nine different species including S. aureus, P. aeruginosa and Y. pestis shows that R33 residue in
SaCntM (also present in sequence from Y. pestis) is replaced by a histidine in PaCntM ( Figure 2B ).
with xNA (47 µM and 23 µM respectively), leading to a catalytic efficiency (k cat /K m ) of the same order 2 2 2 of magnitude for the two substrates ( with SaCntL. Accordingly, we found that PaCntM preferentially used yNA whether in vitro or in vivo.
All these data therefore suggest that there is a substrate stereospecificity in the case of PaCntM, which
is not found in SaCntM. We further noted that, using yNA but not xNA, a drop in enzyme activity is
visible at high substrate concentrations, which suggests a mechanism of substrate inhibition ( Figure 4 ).
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Indeed, the fits made with a substrate inhibition model added to the Michaelis-Menten kinetic better
cover the experimental data ( Figure 4 ; plain lines). However, this substrate inhibition is not visible
when using xNA as substrate. In order to find amino acid residues involved in the pyruvate/α-ketoglutarate selectivity by
CntM, we searched for residues located in the vicinity of the active site (i.e. the nicotinamide moiety) With regard to SaCntM, we confirmed that the WT was only able to use pyruvate, with a k cat Table 2 ).
5 9
On the contrary, the D150A variant of SaCntM could use both pyruvate and α -ketoglutarate as substrates. Indeed, although the maximum activity is not reached within the concentration range magnitude. This single substitution therefore led to a decreased activity when using pyruvate but most of all, significantly increased the activity when using α -ketoglutarate. Even if we take a lower limit for specificity. To our knowledge, this is the first example showing that substrate specificity might be
tuned in opine/opaline dehydrogenases family. There are however some examples of redesigned
substrate specificity in dehydrogenases such as the production of a highly active malate 2 7 7
dehydrogenase starting from lactate dehydrogenase [34] . In this case, the Gln102Arg mutation of
Bacillus stearothermophilus lactate dehydrogenase led to a shift in k cat /K m with malate so that it equal 2 7 9
that of native lactate dehydrogenase for its natural substrate. Examples of site directed mutagenesis 2 8 0 studies in the opine/opaline family were centered on the catalytic residues and all led to decreased 2 8 1 activities towards substrates and none explored the putative α -ketoacid specificity [12, 35] .
Identification of a novel nicotianamine-like metallophore
Having established the molecular determinant for the α -ketoacid selectivity of CntM, we have
proposed simple rules governing the production of nicotianamine-like metallophores: 1-) the presence
or absence of a cntK homologue leads to the production of D-or L-His respectively (then used by
CntL to produce xNA or yNA respectively), and 2-) the presence of an aspartate or an alanine at Applying these rules, we searched for a species capable of producing the missing variant, which would 23 Fojcik, C., Arnoux, P., Ouerdane, L., Aigle, M., Alfonsi, L. and Borezée-Durant, E. (2018) data and the standard errors associated with were generated by SigmaPlot according to the Michaelis-5 3 9
Menten model.
